Ferritin is a ubiquitously distributed iron-binding protein. Cell culture studies have demonstrated that ferritin plays a role in maintenance of iron homoeostasis and in the protection against cytokine-and oxidant-induced stress. To test whether FerH (ferritin H) can regulate tissue iron homoeostasis in vivo, we prepared transgenic mice that conditionally express FerH and EGFP (enhanced green fluorescent protein) from a bicistronic tetracycline-inducible promoter. Two transgenic models were explored. In the first, the FerH and EGFP transgenes were controlled by the tTA CMV (Tet-OFF) (where tTA and CMV are tet transactivator protein and cytomegalovirus respectively). In skeletal muscle of mice bearing the FerH/EGFP and tTA CMV transgenes, FerH expression was increased 6.0 + − 1.1-fold (mean + − S.D.) compared with controls. In the second model, the FerH/ EGFP transgenes were controlled by an optimized Tet-ON transactivator, rtTA2
INTRODUCTION
Ferritin is a ubiquitously expressed protein that stores cellular iron in a non-reactive form and thus plays a central role in the regulation of iron homoeostasis. The protein comprises 24 subunits of two types, H and L, which are the products of separate genes with separable functions. FerH (ferritin H) has a ferroxidase activity that oxidizes Fe(II) to Fe(III) [1] , while FerL is associated with iron nucleation and protein stabilization [2] . The ratio of H to L subunits in the ferritin protein can affect its properties, including the ability to take up iron [3] [4] [5] , to affect proliferation [6] and to reduce the impact of oxidant-and cytokine-induced stress [7, 8] .
Ferritin is regulated at multiple levels in response to different stimuli: at the translational level, ferritin is regulated by IRPs (iron regulatory proteins), which bind to an element [the IRE (iron responsive element)] in the 5 -UTR (5 -untranslated region) of ferritin and repress its translation (reviewed in [9, 10] ). IRPs also bind to IREs in the 3 -UTR of TfR1 (transferrin receptor 1), where they function to stabilize TfR mRNA [9] . Since iron decreases the activity of IRP1 and destabilizes IRP2, the net effect of excess iron is to increase iron storage via ferritin and to decrease iron transport by TfR1; conversely, the effects of iron restriction are decreased ferritin and increased TfR1 expression [9] . Ferritin is thus a key component of an intrinsic homoeostatic mechanism used by cells to restore iron balance when confronted with excess or insufficient iron.
In addition to its role in normal iron homoeostasis, ferritin plays a critical role in mitigation of inflammatory and oxidant stress by reducing the participation of iron in free-radical-generating reactions (see [11] for a review). The impact of FerH subunit induction in vitro has been assessed previously in several studies (reviewed in [11a] ). Cells overexpressing FerH have slower growth rates [6] , and increased resistance to oxidant stress [6, 12, 13] . These attributes are dependent on functional ferroxidase activity in the FerH subunit [6] .
Increases in ferritin have been reported in numerous pathophysiological settings, including ischaemia/reperfusion injury, atherosclerosis, cancer and neurodegenerative disease [14] . It has been hypothesized that the increase in ferritin in these diverse contexts is elicited as a physiological cytoprotective response, designed to sequester iron and limit its participation in the oxygen free-radical-generating reactions that contribute to the pathology of these diseases. However, direct assessments of the ability of ferritin either to regulate iron homoeostasis or to serve such a cytoprotective function in vivo have been limited. In one study, FerH overexpression in the dopanergic SN (substantia nigra) neurons of the mouse brain was associated with reduction in markers of oxidant stress following treatment of mice with Abbreviations used: CMV, cytomegalovirus; Dox, doxycycline; EGFP, enhanced green fluorescent protein; FerH, ferritin H; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; H/E, haematoxylin and eosin; IRE, iron responsive element; IRP, iron regulatory protein; LAP, liver activator protein; SN, substantia nigra; tTA, tet transactivator protein; rtTA, reverse tTA; TNF, tumour necrosis factor; TfR, transferrin receptor; UTR, untranslated region. 1 To whom correspondence should be addressed, at Department of Cancer Biology, Room 4058 Hanes, Wake Forest University School of Medicine, Medical Center Blvd, Winston-Salem, NC 27157, U.S.A. (email jwilkins@wfubmc.edu).
Figure 1 Bicistronic transgenic construct
The transgenic construct that provides for tet-regulated transcription of both the murine FerH and EGFP genes was prepared as described under the Experimental section and is depicted as a linearized sequence. Note the central position of the bicistronic promoter, and the mutation in the IRE of the FerH gene that removes the transgenic ferritin from iron-based translational feedback regulation. SV40, simian virus 40; TRE, tetracycline responsive element.
the Parkinson's-inducing agent 1-methyl-4-phenyl-1,2,3,6-tetrapyridine [15] .
In order to assess the role of FerH in vivo, we have constructed a transgenic mouse model in which FerH can be expressed conditionally in a variety of tissues. We report that induction of FerH in vivo results in a phenotype of tissue-specific iron depletion. Further, our results indicate for the first time that FerH can act as a potent regulator of iron metabolism in tissues, and that these effects can dominate normal homoeostatic mechanisms.
EXPERIMENTAL

Development of a transgenic construct
A 2.4 kb BamHI/EcoRI fragment of a genomic clone of the murine FerH gene [7] was mutagenized using PCR to delete the first cytosine base in the CAGUG stem loop region of the IRE. This reduces the ability of the IRE to bind IRP over 100-fold [16] . This fragment was cloned into the Pvu2 site of the pBI tet expression vector (Clontech, Palo Alto, CA, U.S.A.) through bluntended ligation to yield the pTetMFhEGFP vector shown in Figure 1 . This vector also contains the EGFP (enhanced green fluorescent protein) gene in the opposite orientation to the FerH gene, thus enabling tetracycline or Dox (doxycycline) regulation of both FerH and EGFP.
Transient transfections and Western-blot analysis
HeLa Tet-OFF cells (Clontech) were transfected with pTetMFhEGFP using Lipofectamine TM (Invitrogen), cultured for 24 h and treated with or without 2 µg/ml Dox (Sigma) for 72 h before harvesting cells for Western-blot analysis. Antibodies used were from Biosource (FerH), Alpha Diagnostic International (San Antonio, TX, U.S.A.) (TfR type 1) and Research Diagnostics (Flanders, NJ, U.S.A.) [EGFP and GAPDH (glyceraldehyde-3-phosphate dehydrogenase)]. Immunoreactive proteins were detected using the PicoWest chemiluminescent solution (Pierce), according to the manufacturer's instructions. Developed X-ray films were quantified using the UnScanIt program (Silk Scientific, Orem, UT, U.S.A.). Equivalent loading and transfer were confirmed by staining with Ponceau S or by Western-blot analysis with GAPDH.
Generation of single and double transgenic mice
Pronuclear microinjections into fertilized eggs of FVB/N mice were performed at the University of Michigan Transgenic Animal Model Core using standard methods [17] . The FerH transgene was detected by PCR using one primer in the FerH sequence (5 -ACTGGTCACTGAGGCAGTGCATG-3 ) and one in the vector β-globin poly AAA sequence (5 -GAGGGTCCATGG-TGATACAAGGG-3 ). EGFP was detected using the primers 5 -TCTCGTTGGGGTCTTTGCTCAGGG-3 and 5 -AACATCC- 
Dox administration
Doxycycline hyclate (Sigma; 2 mg/ml) was administered into drinking water containing 5 % (w/v) sucrose for 2 weeks. Water containing 5 % sucrose was also provided to Dox-free control animals. When mice were treated with Dox for 8 weeks, Dox was added to the solid diet at a final concentration of 2 g/kg.
Visualization of whole animal EGFP fluorescence
EGFP expression was visualized at necropsy using a fibre optic epi-configured light source with 470/40 nm (excitation) filter set, and a 515 nm (emission) viewing plate (Lightools Research, Encinitas, CA, U.S.A.). Images were acquired digitally.
Blood iron measurements
Blood was collected at necropsy and analysed for iron using the ferrozine method [22] . Haematocrits were measured in microhaematocrit tubes (Fisher).
Creatinine assay
Creatinine levels in urine were determined from urine taken at the time of killing using a Creatine assay kit (Cayman Chemical, Ann Arbor, MI, U.S.A.). Samples and standards were evaluated in triplicate. Results are reported as µg/ml.
IRP activity assay
Cytosolic extracts for IRP assay were prepared essentially as described in [23] . The interaction between the IRP and its IRE binding site was analysed in a gel shift assay [24] using an IRE RNA probe prepared from a BamHI linearized pST18hFh-IRE plasmid template (obtained as a gift from Dr Prem Ponka, McGill University, Montreal, ON, Canada).
Histological evaluation of tissues
Following killing and gross inspection of mouse carcasses, portions of the kidney, spleen, liver, heart and small intestine were fixed in 4 % (w/v) neutral buffered paraformaldehyde overnight. Tissues were trimmed, imbedded in paraffin, cut at 6 µm, stained with H/E (haematoxylin and eosin) and assessed by light microscopy.
RESULTS
Development of a transgenic construct
To attain conditional tissue-specific expression of the FerH transgene, we used the tet system (reviewed in [25, 26] ). In this system, the transgene is cloned downstream of a minimal promoter fused to seven tet operator sequences, where it remains transcriptionally silent until recognized by a tet transactivator, which is provided as a second independent transgene. The activity of the transactivator is regulated by tetracycline or its analogue Dox: depending on the transactivator used, it is either activated (Tet-ON) or repressed (Tet-OFF) in the presence of Dox [18] . In our experiments, mouse FerH was used as the primary transgene, with the following modifications. First, in order to express the FerH protein irrespective of cellular iron levels, we mutated the IRE of the murine FerH transgene to remove the transgene from known translational control [16] . Secondly, to readily discern cells that express transgenic FerH, we used an expression plasmid designed for bicistronic expression of FerH and EGFP. Expression of EGFP is easily visualized in living animals and in tissues using illumination with blue light [27] . The transgenic FerH construct, pTetMFhGFP, is depicted in Figure 1 .
Evaluation of the FerH transgenic construct in tissue culture and production of transgenic founders
This bicistronic transgenic FerH vector was transiently transfected into HeLa tTA Tet-OFF cells to test its ability to drive overexpression of both the FerH and the EGFP proteins. As expected, the EGFP gene was strongly expressed in the absence of Dox, but was not expressed following Dox addition (Figure 2 ). Endogenous human FerH gene (upper band) was present in all the cells, regardless of Dox. In contrast, the murine FerH transgene (lower band), like the EGFP gene, was strongly regulated by Dox (Figure 2 ). These results indicated that the transgene construct was capable of mediating ferritin overexpression even in cells with high endogenous levels of ferritin, and that this expression was appropriately regulated by Dox. This construct was injected into FVB mouse embryos, and potential FerH mIRE /TetO 7 /EGFP founders were identified. Founders were then bred with mice carrying tTA genes.
Phenotype of the CMVFerH mouse in skeletal-muscle tissue
Initially, FerH mIRE /TetO 7 /EGFP founder mice were crossed with mice containing a tTA Tet-OFF transactivator, in which the tet activator protein is driven by the broadly active CMV promoter (tTA CMV ). This transactivator theoretically drives expression of tet-responsive genes in a wide array of tissues [18] . We found that EGFP fluorescence was primarily evident in the skeletal muscle and the omentum adjacent to the spleen ( Figures 3A  and 3B ). To determine the degree to which FerH was being expressed in these tissues, fluorescent muscle was harvested from three double transgenic mice and three controls and evaluated by Western blotting. Results, depicted in Figure 3(C) , indicate that FerH expression is increased by 6.0 + − 1.1-fold (mean + − S.D.) in skeletal muscle from the double transgenic CMVFerH mice relative to wild-type or either of the single transgenic mice. As expected, EGFP expression only occurred in the CMVFerH mice. CMVFerH mice displayed no behavioural abnormalities or other signs of toxicity, and were indistinguishable from their control littermates up to the time of killing at 3 months.
Phenotype of the LAPFerH mouse in kidney tissue
To assess the ability of tet transactivators to control expression of the FerH transgene in different tissues, we crossed the FerH mIRE / TetO 7 /EGFP mice to mice carrying the newly optimized Tet-ON rtTA2 S -S2 transgene, which mediates very tightly controlled tetresponsive gene expression [21, 28] . This transgene was under control of the LAP (liver activator protein) promoter, which directs primarily renal expression of the reverse transactivator in this mouse line [19] . Double transgenic progeny were treated with Dox and killed after 2 weeks. Whole-body fluorescent examination 
Assessment of the potential for toxicity of FerH overexpression in vivo
FerH overexpression has been reported to induce cell death in selected cell culture systems [29] . We therefore evaluated ferritin-overexpressing mice for signs of toxicity or apoptosis. Double transgenic LAPFerH mice that express Dox-inducible FerH in the kidney and control mice were treated with Dox for 8 weeks. No behavioural alterations, changes in weight, or other signs of systemic toxicity were noted. We performed histological evaluation of fixed tissues collected at the 8 week endpoint. H/E sections of the kidney, spleen, liver, heart and small intestine were all normal, with no signs of injury. We also assessed kidney function by measuring creatinine and protein/creatinine ratios in urine. Creatinine levels in urine were unaffected by genotype [creatinine in urine was 495 + − 164 µg/ml in LAPFerH ferritin overexpressers and 554 + − 325 µg/ml in controls (means + − S.D., n = 5-8; P > 0.717 by unpaired t test); protein/creatinine ratios in urine were likewise not different between groups (results not shown)]. Together with histological data, this suggests that overexpression of ferritin does not lead to renal toxicity in this model system.
Table 1 Blood iron parameters of ferritin-overexpressing and -nonoverexpressing mice
Blood parameters were measured as described in the Experimental section. Results are means + − S.E.M. The number of observations (n) is given in parentheses. None of these parameters were significantly different between groups (P > 0.05, unpaired Student's t test). 
Evaluation of the impact of FerH induction in kidney tissue on systemic iron parameters
Because ferritin sequesters iron, it was important to test whether its induction in the kidney caused systemic iron depletion. Since most of the iron in the body is found in haemoglobin, several blood iron parameters were measured to determine if mice expressing the FerH transgene were anaemic. As shown in Table 1 , haematocrits and plasma iron parameters were not significantly different between double transgenic and control mice. In addition, to confirm that Dox treatment was not toxic to tissues of iron absorption, mice receiving a standard Dox regimen were necropsied and evaluated histologically. No signs of toxicity were detected either grossly or in H/E sections of the colon and small intestine (results not shown).
Impact of FerH induction in kidney tissue on cellular iron proteins
To determine if transgenic FerH expression caused a significant change in tissue iron metabolism, we examined expression of TfR1, the principal protein responsible for the uptake of transferrin-bound iron into cells. The results (Figure 4) indicate that overexpression of FerH in transgenic mice results in an Double transgenic LAPFerH mice were treated with Dox for 2 weeks and IRP assays were performed. Extracts assessed in lanes 5-9 and 13-17 are from the Dox-fed double transgenic mice depicted in the Western blots of Figure 4 (E). Lanes 1-3 and 10-12 are from the Dox-fed single transgenic controls depicted in the same Western-blot analyses. Extracts in lanes 10-17 were analysed after the addition of 2-mercaptoethanol (BME), as described in the Experimental section.
increase in TfR1 that is dependent on both the transactivator ( Figure 4E ) and Dox ( Figure 4F ). Thus, in Dox-treated double transgenic LAPFerH mice, the increase in FerH was associated with a 4.5 + − 2.1-fold (mean + − S.D.) increase in TfR1 expression. IRP binding increases when iron is depleted and decreases when iron is in excess. Extracts were prepared at the time of killing [23] from kidneys of the same animals evaluated by Western blotting for ferritin and TfR1. The gel shift (see Figure 5) indicates that IRP activity is increased in kidneys of double transgenic Dox-treated LAPFerH mice by 2.3 + − 0.9-fold (mean + − S.D.) over the single transgenic FerH mIRE /TetO 7 /EGFP mice, a response consistent with decreased labile iron, and the observed increase in TfR1 expression.
Evaluation of effects of Dox in controls
Dox is a weak iron chelator [30] , and therefore had the potential to exert its own influence on cellular iron levels in the kidney. To evaluate the impact of Dox, mice bearing no transgenes were treated with a standard Dox regimen or sucrose vehicle, and tissues of the kidney were analysed by Western blotting. No changes in ferritin or TfR were seen (results not shown). This finding indicates that the changes in FerH that we observed in the kidney were due to Dox's stimulation of transgene expression and not to a chelation effect of Dox.
DISCUSSION
We show in the present study that FerH can be conditionally overexpressed and temporally regulated in a tissue-specific manner in transgenic mice using a tetracycline-regulated transgene. The tetracycline-regulated transgene approach was chosen for two reasons. First, it was formally possible that excessive FerH expression might be toxic to cells or tissues, since prolonged overexpression of FerH in tissue culture has been reported to result in growth inhibition [6] or apoptosis [29] . By using a conditional expression system, such a potential toxicity could be avoided. Secondly, the availability of tissue-specific tetracyclineregulated transactivator mouse strains enables assessment of the effect of increased FerH expression on multiple target tissues. In experiments described here, we crossed mice containing the FerH transgene with mice carrying a tet transactivator driven by the broadly active CMV promoter, yielding progeny with elevated expression of FerH in a variety of tissues, particularly skeletal muscle and splenic omentum (Figure 3) . Crosses with mice carrying a transactivator driven by a LAP promoter with a more restricted tissue expression resulted in overexpression of FerH in the kidney, and to a lesser extent in the liver, of double transgenic offspring (Figure 4 ). In the Tet-ON system, the expression of transgenic FerH was tightly regulated by Dox ( Figure 4F ). This new reverse transactivator has been demonstrated to have a lower background and thus a 10-fold greater range of induction than the original reverse tet transactivator [28] . Thus FerH expression in this model can be controlled spatially and temporally. FerH expression was not associated with demonstrable toxicity in either model system.
To provide a convenient marker of transgenic FerH expression, we used a bicistronic promoter that simultaneously drives expression of EGFP and FerH. Increased FerH expression and the presence of EGFP correlated well ( Figure 3C ), indicating that EGFP can be used as a convenient surrogate marker of transgenic FerH expression. Given the ubiquitous nature of endogenous ferritin expression, we relied on EGFP expression to determine how tightly regulated the Dox-controlled transgenes were. Our observations, both visually and using Western blots, were that Dox administration was a requirement for transgene expression, indicating that the rtTA2 S -S2 LAP transgene is not leaky. Although in our experiments we measured EGFP only at necropsy, EGFP can be detected in living animals [27] and in our experiments was readily apparent in double transgenic carriers in the kidneys (LapFerH model) of shaved, Dox-treated mice, or in the eyes (CMVFerH model) of adults (results not shown). Thus, in addition to its utility in the rapid identification of double transgenic progeny, EGFP expression may be potentially useful in highlighting tissues that express transgenic ferritin, as well as in following changes in expression over time in living animals.
We had previously observed in vitro that TNF (tumour necrosis factor) and oxidants induce ferritin via a transcriptional mechanism that is distinct from the translational IRP-dependent mechanism by which iron induces ferritin [13, 31] . We postulate that this may represent an alternative pathway for modulation of iron homoeostasis that becomes important under conditions of chronic inflammation or oxidative stress. Thus in vitro studies have demonstrated that in response to chronic exposure to stimuli such as TNFα [7, 31, 32] oxidants [13, 33] or chemopreventive agents [13, 34, 35] that induce ferritin, the depletion of intracellular iron resulting from ferritin overexpression may out-pace the ability of IRP-dependent induction of TfR to restore iron homoeostasis. In collaboration with other mechanisms (such as cytokine-dependent induction of hepcidin, a peptide involved in regulating iron efflux [36] ), such an induction of ferritin may contribute to a re-setting of the cellular 'ferro-stat' to a state of chronic iron depletion in certain pathophysiological settings [37] .
With this model we have specifically overexpressed FerH, thus enabling us to examine its ability to drive changes in iron homoeostasis in vivo. To prevent feedback repression of the FerH transgene by the IRPs, we rendered the ferritin mRNA nonresponsive to IRP-dependent regulation by introducing a single base-pair deletion into the IRE [16] . This strategy enabled robust FerH overexpression in double transgenic mice ( Figure 4E ). In the case of FerH/LAP double transgenics, FerH expression was sufficient to alter parameters of overall tissue iron homoeostasis, resulting in activation of IRP1 ( Figure 5 ) and induction of TfR1 ( Figure 4E ) in the kidney. Thus we found that overexpression of FerH is sufficient to elicit a phenotype of iron depletion in vivo. Elevation of TfR in the kidney was not an indirect result of changes in systemic iron levels, since transferrin levels, transferrin saturation and haematocrit were not statistically different in controls and double transgenic mice (Table 1) . Notably, despite a 2 week induction of ferritin, IRP activity was elevated ( Figure 5 ) in FerH overexpressers, indicating that FerH modulation need not simply be a response to changes in tissue iron (its classic role), but can itself drive overall tissue iron balance. The increase in IRP activity and resultant increase in TfR1 expression that we report provide strong mechanistic evidence in vivo that altered ferritin expression can adjust the cellular 'ferro-stat'.
Several studies support the concept that FerH manipulation can alter iron homoeostasis in vivo. Ferreira et al. [38] reported that heterozygous FerH knockout mice accumulate FerL, a result consistent with an increase in the labile iron pool engendered by reduced expression of FerH. An increase in FerL was also observed in the brains of an independently derived FerH heterozygous (+/−) mouse, although not all findings were consistent with an increase in intracellular iron in the brains of these mice [39] . In another study, overexpression of a human FerH gene in dopaminergic SN neurons of transgenic mice led to an increase in Fe(III) and a decrease in Fe(II) in the SN of the brain [15] , consistent with increased sequestration of iron in ferritin in these mice. Families with rare gain-of-function mutations in the FerH IRE that increase the sensitivity of ferritin to IRP-mediated repression exhibit iron overload [40] , further suggesting that FerH levels can regulate tissue iron homoeostasis in humans.
Extensive in vitro experiments have demonstrated the critical importance of FerH in regulating both iron homoeostasis and stress mediated by cytokines, oxidants and chemopreventive agents. Experiments presented here demonstrate that FerH is also a potent regulator of tissue iron homoeostasis in vivo.
